This study examines the conductive properties of the plasma membrane of cells isolated from the intrahepatic portion of bile ducts. Membrane Cl-conductance was measured in single cells using whole-cell patch clamp recording techniques and in cells in short-term culture using 36Cl and 125I efflux. Separate Ca(2+)-and cAMP-dependent Cl-currents were identified. Ca(2+)-dependent Cl-currents showed outward rectification of the currentvoltage relation, time-dependent activation at depolarizing potentials, and reversal near the equilibrium potential for Cl-. Ionomycin (2 microM) increased this current from 357 +/-72 pA to 1,192 +/-414 pA (at +80 mV) in 5:7 cells, and stimulated efflux of 125I > 36Cl in 15:15 studies. Ionomycin-stimulated efflux was inhibited by the Cl-channel blocker 4,4'-diisothiocyano-2,2'-stilbene disulfonic acid (DIDS) (150 microM). A separate cAMPactivated Cl-current showed linear current-voltage relations and no time dependence. Forskolin (10 microM) or cpt-cAMP (500 microM) increased this current from 189 +/-50 pA to 784 +/-196 pA (at +80 mV) in 11:16 cells, and stimulated efflux of 36Cl > 125I in 16:16 studies. cAMP-stimulated efflux was unaffected by DIDS. Because the cAMP-stimulated Clconductance resembles that associated with cystic fibrosis transmembrane conductance regulator (CFTR), a putative Cl-channel protein, the presence of CFTR in rat liver was examined by immunoblot analyses. CFTR was detected as a 150-165-kD protein in specimens with […] Research Article
Introduction
Bile formation is initiated by hepatic secretion into the canalicular space between hepatocytes. Recent observations indicate that the volume and composition ofbile is subsequently modified within the lumen of intrahepatic bile ducts as a result of primary secretion of fluid and electrolytes (1 ) . In animal models, experimental maneuvers which increase the number ofbile duct epithelial (BDE)' cells result in parallel increases in bile flow (2) (3) (4) (5) (6) . BDE cells resemble other secretory cells in that they are polarized with tight junctions and abundant apical microvilli (7, 8) . More recently, evidence for independent regulation of ductular transport by the hormone secretin which binds to receptors on BDE cells but not hepatocytes has been presented (6, 9) . These observations suggest that biliary secretion contributes importantly to bile formation, but the small size and intrahepatic location of these cells has limited efforts to characterize the physiologic mechanisms responsible.
Bile duct epithelial cells represent an important target of injury in several clinical disorders characterized by cholestasis including the genetic disease cystic fibrosis ( 10) . In cystic fibrosis, mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) result in a characteristic defect in cAMP-dependent regulation of Cl-channels (1 1-14) in lung, pancreas, and sweat gland ( [14] [15] [16] [17] [18] [19] . Ca2+-dependent regulation of Cl-channels appears to be unaffected. While hepatic cholestasis in cystic fibrosis could reflect changes in either hepatocyte or duct cell function, intracellular Cl -in hepatocytes appears to be near electrochemical equilibrium suggesting that transepithelial transport of Cl -is not likely to be the principal driving force for hepatocellular secretion (20) . However, if BDE cells resemble the duct cells ofother tissues, then transepithelial transport ofCl-ions may contribute to biliary secretion, and abnormalities of channel regulation may contribute to the clinical expression of cholestasis in CF and other diseases.
In these studies in isolated BDE cells, we have evaluated the mechanisms responsible for regulation ofmembrane Cl-transport to determine if BDE cells are similar to established Clsecretory epithelia. Cl-currents were measured in individual cells using whole-cell patch clamp techniques (21 ) and anion permeability was measured in cells in short-term culture using isotope efflux techniques (22) . These studies demonstrate that increases in cytosolic Ca2' and cAMP activate anion permeability pathways with distinct properties. In addition, immunoblot and immunohistochemical analyses indicate the presence of CFTR in bile duct cells but not hepatocytes (23) (24) (25) (26) . Thus, intrahepatic bile duct epithelial cells share many phenotypic features ofestablished Cl -secretory cells, suggestingthat regulation of distinct membrane Cl-channels by Ca2+-and cAMPdependent signaling pathways may contribute to fluid and electrolyte secretion by these cells. Moreover, abnormalities in Cl-channel regulation could contribute to the cholestatic manifestations of CF and other primary disorders affecting intrahepatic bile ducts. 1 . Abbreviations used in this paper: BDE, bile duct epithelial; CFTR, cystic fibrosis transmembrane conductance regulator; DIDS, 4-4'- diisothiocyanoto-stilbene-2,2'-disulfonic acid; DPC, diphenylamine-2-carboxylate.
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Methods
Cell isolation and culture. Epithelial cells were isolated from the intrahepatic portion of bile ducts from male Sprague-Dawley rats (200-250 g) 2-6 wk after bile duct ligation as recently described (27) Detection of CFTR. CFTR immunoreactivity was detected using alpha-1468, a high affinity antibody raised against a synthetic peptide corresponding to the COOH-terminal amino acid sequence of CFTR ( 18, 19, 30) . Preliminary studies have shown that this antibody recognizes CFTR in rat tissues (31 ) as predicted based on the observation that the deduced COOH-terminal amino acid sequence of rodent CFTR is almost identical to the human sequence (32) . For immunoblot analysis, tissue samples were solubilized in a buffer containing 60 mM Tris (pH 6.8), 3% SDS, 1 mM PMSF, 5 mM benzamidine, 1 mM EDTA, 5 Mg/iml leupeptin, and 50 mM dithiothreitol. Samples were adjusted to contain equal amounts of protein (Micro BCA protein assay kit; Pierce Chemical Co., Rockford, IL) and proteins were resolved using 7% polyacrylamide gels and electrophoretically transferred as described (18) . Immunoblots were performed using alpha-1468 (1:100 final dilution) and immunoreactive proteins were detected by enhanced chemilluminesence (Amersham Corp., Arlington Heights, IL). Immunoperoxidase staining of liver specimens was performed as described ( 18, 19, 30) . Cryosections (4 Mm) were fixed in acetone for 10 s at room temperature, incubated in PBS containing 5% goat serum, and then incubated with alpha-1468 in PBS (2-5 ,g/ml final concentration). Immunoperoxidase staining was performed using biotinylated goat anti-rabbit IgG ( 1:200) and a Vectastain Elite ABC kit (Vector Labs, Inc., Burlingame, CA). Specimens were counterstained with modified Harris hematoxylin.
Whole-cell recording. The whole-cell recording technique using patch clamp methods (21 ) (22) . Experiments were performed -1 d after plating. Cells were incubated in the NaCl-rich buffer containing 5-10 ,Ci/ml of one or both isotopes as indicated for 60 min. After loading, cells were washed with isotope-free buffer ( -2 ml) three times over 2 min. Subsequently, 1 -ml aliquots ofbuffer were added and removed at 30-s intervals. Timed samples of effilux buffer were measured in a gamma counter for 1251 alone or a scintillation counter (Beckman Instruments, Carlsbad, CA) using standard correction techniques for 1251I and 36C1. The effects of experimental agents on isotope efflux were determined by direct addition to the buffer solution during the test period. lonomycin (2 MuM) was used to increase intracellular Ca2+, and a cocktail containing forskolin ( 10 MM) and 8-(4-chlorophenylthio-cAMP (500 MM) was used to increase intracellular cAMP.
At the end of an experiment, cells were lysed by exposure to 0.1 N NaOH and the sample counted to determine the amount of isotope remaining in the cell. Efflux rate at each time point was expressed as a ratio of counts at that time point divided by the total remaining counts (22) . All studies were performed in triplicate on three or more study days, and results are presented as mean±SE where n represents the number of individual culture wells.
Results
Characterization of isolated cells. The properties of isolated intrahepatic duct cells have recently been described (27) . 80-95% of each preparation consisted of a homogenous population of small (9.5±1.6 ,um, n = 50) round cells. These were readily distinguished from hepatocytes by their size and morphology. Transmission electron microscopy revealed apical microvilli and a large nucleus with densely staining chromatin and relatively scant cytoplasm. 91±6% ofcells excluded trypan blue, 93±2% stained positively for gamma-glutamyl transpeptidase, and 91+7% stained positively for CK-19, consistent with reported characteristics of intrahepatic BDE cells (2) (3) (4) (5) (6) (7) (8) . In Fig. 1 ). Although cells were morphologically indistinguishable, three patterns of current response were detected. Among 42 cells, 24 (57%) showed outward rectification of the current-voltage relation ( Fig. 1 A) ; 13 (31%) showed small currents with a linear current-voltage relation ( Fig. 1 B) ; and 5 (12%) showed inward rectification of the current-voltage relation (Fig. 1 C) step. Current activation at +80-mV could be described by a single exponential with a time constant of 185±28 ms. While the outward current could result from efflux of K+ ions or influx of Cl ions, several observations suggest that the contribution of Cl-predominates. First, the reversal potential for whole cell currents was -2.3±5.8 mV, which agrees well with the equilibrium potential of -IImV for Cl-ions. Second, when bath Cl -concentration was lowered from 150 to 24 mM by substitution with the impermeant anion gluconate, there was inhibition ofthe outward current to 99±35 pA at +80 mV and the reversal potential shifted to +37±5-mV (n = 4, Fig. 2) . A shift of47 mV would be expected for a perfectly Cl -selective membrane in the absence of any leak conductance. Finally, exposure to the K+ channel blocker TEA (4 mM) had no effect on the amplitude of the outward current or reversal potential ( Fig. 1 A, n = 4) . By contrast, exposure to the Cl-channel blocker DPC (500 ,uM) resulted in rapid inhibition currents at +80 mV by 65±15% (n = 5, Fig. 4) .
To further evaluate Cl -selectivity, currents were activated by applying prepulses to +80 mV or +100 mV and then analyzed by measuring of instantaneous tail currents when the voltage was returned to different test potentials as illustrated in Fig. 3 . The reversal potential as determined from the currentvoltage relationship ofthe tail currents was measured in different bath Cl-concentrations. With standard pipette and bath solutions, tail currents reversed at +2.3±5.1 mV (n = 10) near the theoretical reversal potential for Cl-(-1 mV). Lowering bath Cl-to 24 mM caused a shift in the reversal potential to +35.7±2.6 mV (n = 4). The dependency ofthe reversal potential on bath Cl-concentration (Fig. 3 C) showed a slope of -42 mV per log change in Cl-concentration as compared to the ideal Nerstian slope for a Cl-selective current 58 mV, confirming that the majority of the outward current is carried by Cl-ions. Despite the outward rectification of whole cell currents, the current-voltage relation oftail currents was linear.
A similar relationship has been described for Ca2"-activated C1-currents in T84 cells ( 14) .
Small linear and inwardly rectifying currents. 13:42 (31%) of cells exhibited small linear currents with peak values < 100 pA (Fig. 2 B) . Reversal potentials after equilibration were more variable and averaged -8.7±10.8 mV with a range of -30 mV to +3 mV. The ionic basis of these unstimulated currents could not be determined due to their small amplitude and variable reversal potential.
5:42 (12%) of cells showed a markedly different current pattern where hyperpolarizing voltage steps elicited large inward currents (-380±60 pA at -100 mV) and depolarizing voltage steps elicited small outward currents (+45±60 pA at + 100 mV, Fig. 1 C) . Inward currents were maximal immediately after the voltage step and showed little time dependence. Although only a limited number of cells were evaluated, several observations suggest that the inward current is carried by K+ ions. First, the reversal potential of whole cell currents was -62.5±10.4 mV, more negative than in the majority of the cells studied. Second, in two cells, exposure to the K+ channel blocker TEA (4 mM) decreased currents at -100 mV by 68% and 76% (Fig. 1 C) . Finally, when currents were activated by a prepulse to -80 or -100 mV and then analyzed by evaluation of tail currents at varying test potentials, the reversal potential of the tail currents averaged -71±5 mV (n = 3). This compares to the theoretical reversal potential of K+ of -83 mV. Bath Cl-(log scale. mm) Figure 3 . Analysis of tail currents. After a prepulse to +80 mV for 0. Fig. 4 , ionomycinstimulated currents exhibited time-dependent activation at depolarizing potentials and outward rectification. In standard solutions, ionomycin-stimulated currents reversed at -0.6±2.6 mV (n = 5), and tail currents reversed at 0.9± 10.0 mV (n = 3). In addition, stimulated currents were inhibited 68±15% (n = 3) by exposure to DPC (500 uM, Fig. 4 A) . These features indicate that the Ca2+-activated current is carried by Cl-ions with properties similar to the outwardly rectifying current observed under basal conditions.
Exposure to forskolin (10 AM), which stimulates adenylyl cyclase (n = 4), or to cpt-cAMP (500 ,uM), a membrane permeant analogue of cAMP (n = 12), increased membrane currents in 11: 16 (69%) cells from 189±50 pA to 784±196 pA at +80 mV. In contrast to Ca2+-activated currents, in 9:11 responding cells the cAMP-dependent current had linear current-voltage relations, and there was no apparent time dependence, with full activation at the onset of the test potential (Fig. 5 A) . In these cells both the current-voltage relation and tail currents reversed near the Cl-equilibrium potential (values of -3.6±1.6 mV, n = 9, and +3.0±3.4 mV, n = 5, respectively), and currents at +80 mV were inhibited 74±15% by DPC (n = 4). In the remaining 2:1 1 responding cells, there was an increase in outwardly rectifying currents which were present under basal conditions. In the majority of these studies, seal integrity was confirmed by withdrawal of the electrode to form a high resistance excised patch, indicating that the increase in linear currents was not likely to be related to a change in seal resistance.
Isotope efflux. Ion substitutions were difficult to perform on these small cells due to loss of seal resistance. Consequently, complementary studies were performed in cells in culture to assess the effects ofagonists on efflux of 36C1 and 1251 as markers for activation of anion permeability (22) . Representative results are shown in Fig. 6 . In the absence of agonists, efflux showed a rapid initial decline during the wash period (not shown) followed by a slower decrease over the remainder of the experimental period. The rapid initial loss appears to be caused by depletion of extracellular tracer while the slower decline is due to efflux of 1251 from a larger intracellular pool (22 Fig. 6 B) . When expressed as a percentage of basal efflux, the maximal increase in 1251 efflux (107±39%) was less than for 36C1 efflux (346±72%). DIDS (150t,M, n = 5) had no effect on cAMP-stimulated efflux (increased 1251 by 12±2% and inhibited 36C1 by 7±3%, NS). In a larger series of studies using 125i alone, exposure to forskolin plus cpt-cAMP increased 1251 efflux in 28:36 plates (78%, P < 0.01) to 152±17%. The peak response occurred 2-3 min after exposure. These results confirm the presence ofCa2+-and cAMP-regulated anion conductances in a significant portion of isolated cells, suggest that the permeability of '25I is greater through the Ca2 -activated pathway as compared with the cAMP-activated pathway, and indicate that 150 ,tM DIDS inhibits Ca2"-activated efflux but not cAMP-activated efflux.
Immunohistochemical detection of CFTR. The properties of the cAMP-dependent anion conductance resemble those associated with expression of CFTR in other cell types (13, 14, 23, 26) . To examine whether bile duct epithelial cells contain CFTR, immunoblot analyses were performed in lysates from normal rat liver (Fig. 7, lane 1) and from rat liver containing increased numbers ofbile duct epithelial cells (lane 2). Lysates of the human colonocyte cell line, T84, were used as a positive control because the properties of CFTR have been extensively characterized in this cell line using alpha-1468 (30) . Specifically, the CFTR immunoblot signal in T84 cells is detected as a protein of 155-170 kD (lane 3). This signal, which is known to represent the endogenous form of CFTR in T84 cells (30) , resembles the predominant immunoblot signal detected in lysates ofrat liver in which bile duct proliferation has been stimulated by ligation of the bile duct (lane 2). The immunoblot signal is not detected in normal rat liver (lane 1) and is not detected in duplicate immunoblots tested without primary antibody (not shown). Thus, the CFTR signal was markedly increased after bile duct ligation, suggesting that bile duct proliferation is associated with an increase in detectable CFTR.
Immunocytochemical methods were used to evaluate further the occurrence of CFTR in rat liver (Fig. 8) . When cryosections of the same liver used for the immunoblot shown in Fig. 7 were tested with alpha-1468 (right), CFTR staining was The properties of the outwardly rectified current closely resemble Ca"2-dependent Cl-currents described in several
Cl-secreting epithelia including rat lacrimal glands (34) , the intestinal T84 cell line ( 13) , and airway epithelia ( 14) . Out-wardly rectified currents were not detected when cytosolic Ca2+ concentration was decreased to < 10 nM by increasing pipette EGTA to 5 mM. In contrast, exposure to the Ca2+ ionophore ionomycin rapidly increased currents in 5:7 (71 %) attempts. Currents reversed near the equilibrium potential for Cl-, showed time-dependent activation after depolarizing voltage steps, and were inhibited by the Cl-channel blocker DPC. In addition, the reversal potential of tail currents showed a strong dependence on the concentration of Cl -in the bath solution (Fig. 3) . The observed slope of -42 mV per log change in bath Cl -concentration (compared to the ideal Nernstian slope of 58 mV for a Cl-selective membrane) likely underestimates the Cl-selectivity of the responsible channels as nonselective membrane currents or current leak also contribute to measured values. In cells in short-term culture, ionomycin caused a simultaneous and DIDS-inhibitable increase in efflux of both 36C1 and 125i, but the increase in 125I efflux was greater when measured in the same cells. This suggests that the permeability of 1251 through the Ca2+-activated anion efflux pathway is greater than 36Cl as reported in established Cl-secretory cells ( 14, 22, 34 Exposure of cells to forskolin or cpt-cAMP increased currents in 11:16 (69%) attempts, but the biophysical properties were distinct in that currents were time independent and generally exhibited linear current-voltage relations. This is similar to cAMP-activated Cl currents in T84 monolayers ( 13) , airway cells ( 14) , and cells expressing exogenous CFTR (23) .
cAMP-stimulated currents and tail currents each reversed near the equilibrium potential for Cl-and were inhibited by DPC. In view of the difficulties performing ion substitutions in these cells, patches were subsequently excised after activation of currents to form high resistance seals to assure that the observed increase in linear currents was not related to loss of seal resistance. In addition, demonstration of cAMP-stimulable increases in 36CI and 1251 efflux in cultured cells provides strong support for the electrophysiologic observations. In contrast to ionomycin-stimulated effilux, cAMP-stimulated effilux was unaffected by DIDS and appeared to have greater permeability to 36CI as compared to 1251.
Based on these observations, additional studies were performed to determine whether the cAMP-activated anion conductance is associated with endogenous expression of CFTR. Immunoblot analyses of rat liver detected CFTR as a heterogeneous 150-165 kD protein that is most abundant in samples containing increased numbers of bile duct epithelial cells. Localization to bile duct cells was confirmed by immunoperoxidase staining which showed that the pattern of CFTR staining correlated closely with the pattern of staining seen with the bile duct cell marker CK-19. Staining was not detected in hepatocytes. In aggregate, these observations suggest that the cAMPregulated anion conductance in bile duct cells may be caused by endogenous expression of CFTR. However, identification of low conductance Cl -channels with appropriate properties (23) would be required to establish this point more conclusively. While a separate population of high conductance anion channels with linear current-voltage relations have been described in these cells (27) , these do not appear to be regulated by cytosolic cAMP or Ca2 . Consequently, it seems unlikely that high conductance anion channels contribute importantly to the regulated currents observed in these studies.
The presence in bile duct cells of Ca2+-and cAMP-regulated Cl-currents with properties similar to those in established Cl-secretory cells suggests that regulated Cl-channels may contribute to ductular secretion. However, several qualifications of these studies merit emphasis. First, cell isolation disrupts epithelial integrity and attempts to induce tight junction formation in culture have been unsuccessful. Conse- quently, the contribution and proposed apical location ofregulated Cl-currents needs to be confirmed in an intact epithelial preparation when this becomes available. Second, measurement of whole cell currents is limited by the small size of these cells and the tendency for seals to deteriorate during superperfusion and ion substitution. This may reflect effects on the membrane of prolonged exposure to the detergent effects of bile salts or the stringent conditions required for cell isolation. In these studies, characterization of whole cell recordings was supported by isotopic and immunologic techniques. However, the need to characterize and localize the single channels responsible for the Ca2+-and cAMP-activated currents is apparent.
These observations are consistent with recent studies which support a role for duct cells in bile formation through secretion of fluid and electrolytes ( 1, (5) (6) (7) . By analogy with established Cl -secretory epithelia ( 12-14, 16 ), activation of Cl -channels in the apical membrane by Ca2+-and cAMP-dependent signaling pathways would stimulate efflux of Cl-to the lumen and generate a lumen-negative transepithelial potential favoring Na+ and water secretion and possibly Cl-/HCO3-exchange (12, 16, 36) . Moreover, abnormal cAMP-dependent regulation of the responsible channels might contribute to the pathogenesis of cholestatic liver disease in cystic fibrosis ( 10, 1 1, 17) and other disorders which affect bile duct secretory function. Identification of the individual channels and regulatory pathways which contribute to membrane Cl -transport represents a potential target for pharmacologic manipulation of ductular secretion.
